The effects of electric field on absorption and photoluminescence (PL) of films of sulfide-substituted PPV derivative S3-PPV, poly[2-(phenyl)-3-(4′-(3,7-dimethyloctyloxy)phenyl)-1,4-phenylenevinylene-co-2-(11′-decyl sulfanylundecanyloxy)-5-methoxy-1,4-phenylene vinylene], were investigated. Electroabsorption (E-A) and electrophotoluminescence (E-PL) responses of S3-PPV show the Stark shifts, indicating a significant alternation in the molecular polarizability (∆R j) associated with the optical transitions. Field-induced enhancement or quenching is also observed for PL of S3-PPV, depending on the photoexcitation energy, whereas the shape of the PL spectra is independent of the excitation wavelength. The field effects on the decay profiles of PL indicate that the quenching results from a diminished population of the emitting states on excitation at 300 nm, whereas the PL is enhanced on excitation at 471 nm because the emitting state has an increased lifetime. The efficiency of field-assisted generation of electron-hole pairs produced through excitons monotonically increases with increasing excitation energy, and the nonradiative decay rate in the emitting state is diminished by electric fields in S3-PPV. The photoirradiation of S3-PPV in ambient air resulted in rapid degradation of the polymer film.
I. Introduction
Having highly extended π-conjugation systems in their main chain, PPV, poly(p-phenylene vinylene), and its derivatives are important semiconductor polymers for optical applications. With spin-casting, they are readily fabricated into large active areas in the range of thickness from less than 1 to ∼100 µm and exhibit a large efficiency for conversion between light and electricity. 1 These polymers also possess the advantages of having efficient and versatile photoluminescence (PL) and electroluminescence (EL). Being electroluminescent, they have received much attention because of their wide applications in electronic and optoelectronic devices such as light-emitting diodes, thin-film transistors, photovoltaic cells, chemical and biological sensors, nonlinear optical devices, and electrochemical cells. [1] [2] [3] The optical and electronic properties of electronically excited states of least energy are important in both electroluminescent and photovoltaic processes. The degradation of these luminescent conducting polymers is a key factor determining their possible commercial applications. [4] [5] [6] Understanding the mechanism governing the efficiency and durability at a molecular level for polymers under operating conditions might provide important clues for an optimization of the chemical structure. 6, 7 PPV is poorly soluble in most organic solvents. To improve its solubility for practical processing, derivatives of PPV with active side groups were synthesized; thermal, electrochemical, and EL properties in device configurations of synthesized PPV derivatives were characterized. 8, 9 The absorption and fluorescence of PPV and its soluble derivatives MEH-PPV, poly[2-methoxy-5-(2′-ethylhexyloxy)-p-phenylenevinylene, were investigated in the presence of an electric field; values of the binding energy and the variation of the dipole moment and polarizability between the emitting and the ground states were estimated. [10] [11] [12] [13] One PPV derivative, S3-PPV, having sulfide long chains is soluble in common organic solvents; the chemical structure is shown in Chart 1. Using S3-PPV in double-layer light-emitting devices, a maximum luminescence of 6073 cd m -2 with a current yield of 0.82 cd A -1 was obtained. 8 In relation to the stability and reliability of the EL devices, the effects of an electric field on nonradiative processes and emission intensity are important because intense electric fields are invariably applied during the operation of EL devices. In this work, we have examined the effects of an external electric field on the absorption and photoluminescence spectra and on the decay profile of photoluminescence (PL) of S3-PPV films under vacuum conditions. Electric-field-induced quenching or enhancement of PL intensity of S3-PPV was observed, depending on the wavelength of the excitation light. Observed decay profiles show that, upon irradiation at 300 nm, the field-induced quenching arises from a decreased initial population, whereas upon irradiation at 471 nm, the enhancement results from a fieldinduced increase of the PL lifetime. We also examined the stability of PL upon photoirradiation under ambient air conditions.
II. Experimental Section
S3-PPV was synthesized with a procedure described in Supporting Information. A sample film of S3-PPV was deposited on an indium-tin oxide (ITO)-coated silica substrate by spincoating from toluene solution; a polymer film of PMMA, poly(methyl methacrylate), was then deposited on the S3-PPV film as an insulator film. From the UV-visible absorption intensity, the thickness of the S3-PPV film was determined to be 20-50 nm. The thickness of the insulating PMMA film, measured with an interferometric microscope (Nano Spec/AFT-010-0180, Nanometric), was typically 0.5 µm. A semitransparent aluminum film (Al) was further deposited on the PMMA film with vacuum vapor deposition. ITO and Al served as electrodes. The sample preparation and experimental procedures for measurements of electroabsorption (E-A) and electrophotoluminescence (E-PL) spectra, that is, plots of the field-induced change in absorption intensity and PL intensity, respectively, as a function of wavenumber, are reported in detail elsewhere. 7, 14 E-PL, E-A, and electrophotoluminescence excitation responses were obtained at the second harmonic of the modulation frequency of the applied electric field, typically at 40 Hz. Hereafter, F denotes applied electric field, and its strength is represented by the rms value.
To measure the profile of photoluminescence decay, we used the second or the third harmonic of a mode-locked Ti:sapphire laser (Spectra Physics, Tsunami, pulse width ∼200 fs) as an excitation source. Fluorescence from the sample was detected with a microchannel plate photomultiplier (Hamamatsu, R3809U-52) and fed to a time-to-amplitude converter of a single-photoncounting system. Fluorescence decays were obtained with a multichannel pulse-height analyzer (MCA). To measure the effect of electric field on the decay profile, we applied a modulated voltage to the sample; 15 this voltage was a rectangular wave of positive, zero, negative, and zero bias in sequence. The duration of each segment was 30 ms, of which the first 3 ms was a dead time to avoid an overshooting effect immediately after the alteration of the applied voltage. The memory channel of the MCA was divided into four segments. The switching of the MCA memory channel was synchronized with the modulated applied voltage. Four decays were collected, corresponding to positive, zero, negative, and zero sample biases, respectively. These decays were stored in separate memory segments of the MCA.
III. Results and Discussion
A. Effect of Electric Field on Absorption Spectra. Figure  1shows absorption and polarized E-A spectra of an S3-PPV film in a range of 16 000-34 000 cm -1 obtained with a field strength of 0.7 MV cm -1 . The spectrum shows an intense broad absorption with a maximum at 22 270 cm -1 (449 nm). This band is reproduced by a superposition of two Gaussian bands, G 1 and G 2 , which might correspond to two different transitions. Two additional Gaussian bands, G 3 and G 4 , are required to reproduce the complete absorption spectrum (Figure 1a) .
Polarized E-A spectra were recorded at the normal angle of incidence to the surface ( ) 90°) and at the magic angle ( ) 54.7°); is the angle between the direction of the applied electric field and the electric vector of the incident light. The E-A spectra recorded at both angles are similar, indicating a nearly isotropic distribution of the S3-PPV sample in both the absence and the presence of an external field.
The field-induced change in absorption intensity (E-A) or photoluminescence intensity (E-PL) at frequency ν, observed at the second harmonic of the modulation frequency of the applied electric field, is given by the following equations [16] [17] [18] in which f is the internal field factor and F is the electric field strength. Coefficients A and A ′ correspond to the field-induced change in the absorption and PL intensity, respectively, whereas coefficients B (B ′) and C (C ′) correspond to the spectral shift and spectral broadening of the E-A/E-PL spectra resulting from the difference in molecular polarizability (∆R) and in electric dipole moment (∆µ), respectively, following the optical transition. These coefficients are expressed as 
ν in which |∆µ| ) |µ e -µ g |, and ∆R j ) 1/3Tr (∆R) ) R e -R g , where subscripts e and g represent the excited and ground states, respectively; ∆R m represents the diagonal component of ∆R j with respect to the direction of the transition dipole moment; η is the angle between the direction of ∆µ and the transition dipole moment.
In the region of 16 000-25 000 cm -1 , the E-A spectrum follows closely the first derivative of the absorption spectrum. The E-A spectrum is reproduced as a linear combination of the first and second derivative spectra of Gaussian bands G 1 and G 2 shown in Figure 1b . From the fit, the changes in the molecular polarizability (∆R j) and dipole moment (∆µ) associated with the optical transition from the ground to the excited state were evaluated for the G 1 and G 2 bands, respectively. The results are shown in Table 1 . The G 3 and G 4 bands were excluded from the simulation. In the region of 25 500-30 000 cm -1 , the match between the simulated and observed spectra was less satisfactory, perhaps because bands G 3 and G 4 were excluded from the fitting or because forbidden transitions became weakly allowed in the presence of an electric field. 10 Without separation of the absorption spectrum into different bands, the observed E-A spectra could not be reproduced by simulation, as shown in Supporting Information (see Figure S1 ).
The magnitude of ∆µ obtained in the present study is similar to the values obtained from the electroabsorption spectra of the transition between the ground state (S 0 ) and the Franck-Condon 1 B u excited state of derivatives of PPV such as poly[2-methoxy,5-(2′-ethylhexoxy)-1,4-phenylene vinylene (MEH-PPV) or oligophenylenevinylenes (OPPVs) dissolved in a glassy solvent. 12 In contrast with ∆µ, the present value of ∆R is 0.01-0.1 times those obtained for the transition between S 0 and the 1 B u state of MEH-PPV or OPPVs in a glassy solvent, 12, 13 indicating that the excited state of S3-PPV that shows strong absorption with a maximum ∼22 500 cm -1 differs somewhat from those of MEH-PPV or OPPVs in a glassy solvent. It is worth mentioning that ∆R of a polymer film of PPV, ∼3300 Å 3 /f 2 , is 10-100 times as large as the present value, whereas the magnitude of ∆R of a polymer film of MEH-PPV, ∼116 Å 3 /f 2 , is similar to the present value of S3-PPV. 19 Some difference might reflect the degree of order within the polymer films, though disorder alone fails to account for all differences between PPV and MEH-PPV. Figure 2 shows the PL spectrum, its derivatives, and E-PL spectra of an S3-PPV film near 298 K under vacuum condition excited at three different wavelengths with a field strength of 0.8 MV cm -1 . In the figure, ∆I PL and I PL represent the field-induced change of PL intensity and the PL intensity at zero field, respectively. E-PL and PL spectra were recorded simultaneously.
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B. Effect of Electric Field on Spectra and Decay Profile of Photoluminescence (PL).
For the measurements of the E-PL spectra, excitation wavelengths of 300, 388, and 471 nm were selected, at which the field-induced changes of absorption intensity were negligibly small ( Figure 1c ). The PL spectra recorded with excitation at these wavelengths have similar shapes with a maximum near 551 nm and a shoulder near 590 nm (see Figure 2a) , which correspond to the vibronic structure resulting from the transition to various vibrational states of S 0 . 20 In contrast with the PL spectra, the E-PL spectra obtained with excitation at 300, 388, and 471 nm are distinct ( Figure  2c ). With excitation at 300 nm, the E-PL spectrum is nearly identical to the negative of the PL spectrum. The total integrated intensity of the E-PL spectrum is negative, indicating that the quantum yield of the emission is decreased by application of electric fields. This behavior was observed even when the applied field was as small as 0.4 MV cm . The ∆I PL integrated over the spectral region 14 400-20 500 cm -1 is proportional to the square of the applied electric field, which follows the same trend as that reported for polyfluorene. 7 The fractional field-induced quenching, determined by the ratio of integrated ∆I PL to I PL , is 2.7 ( 0.5% at a field strength of 0.8 MV cm -1 . With excitation at 388 and 471 nm, the shape of the E-PL spectra does not match the PL spectrum. At 388 nm, the E-PL spectrum is similar to the first derivative of the PL spectrum (green curves in Figure 2) ; that is, the E-PL spectrum is dominated by the Stark shift induced by a change of ∆R following the emission. The magnitude of quenching at 388 nm was 0.69 ( 0.25%, much smaller than that observed on excitation at 300 nm. With excitation at 471 nm, the observed E-PL spectrum became mainly positive, indicating an enhancement rather than quenching of the PL intensity in the presence of electric fields. The magnitude of enhancement at 471 nm was 1.14 ( 0.3% at a field strength of 0.8 MV cm -1 . The E-PL spectra observed with excitation at 300, 388, and 471 nm are reproduced by a linear combination of the zeroth and the first derivative of the PL spectrum based on eq 2, as shown in Figure 3 ; the contribution of the second derivative of PL is negligible, indicating that ∆R between the emitting and the ground states is dominant in the Stark shift of the E-PL spectra. According to eq 3, ∆R j is evaluated to be 840 ( 10 Å 3 /f 2 , at any excitation wavelength employed. This value of ∆R j is similar to that derived for PPV. 13 As shown in Table 1 , the value of ∆R j evaluated from the E-PL spectra of OPPV in a dilute solvent glass ranged from 500 to 3000 Å 3 /f 2 . The value of ∆R j obtained from E-PL of MEH-PPV or OPPVs in a glassy solvent is similar to that obtained from E-A, indicating no difference of electronic properties between the absorbing and emitting states. 12 In contrast, ∆R j evaluated from the E-PL spectra of S3-PPV is about 1 order of magnitude larger than those determined from the E-A spectra, suggesting that the emitting state differs from the originally excited state that produces strong absorption near 22 500 cm -1
. The emitting state of S3-PPV seems to be similar to those of MEH-PPV or OPPVs in a glassy solvent, as far as the magnitude of ∆R j is concerned.
The zeroth derivative coefficient (A ′) is -0.027 for excitation at 300 nm, -0.007 at 388 nm, and +0.012 at 471 nm in the presence of a field strength of 0.8 MV cm -1 in the simulation. These magnitudes of quenching or enhancement are the same as those obtained on integrating the E-PL spectra at each excitation wavelength. These results clearly show that the fieldinduced change of PL intensity (PL quantum yield) depends on the excitation wavelength and that not only field-induced quenching but also field-induced enhancement occurs in the present π-conjugated polymer.
The dependence of the field-induced change of PL intensity on excitation wavelength was confirmed on measuring E-PL excitation spectra (E-PL-Ex) and PL excitation spectra (PLEx) of S3-PPV shown in Figure 4 ; these spectra were measured simultaneously, with an emission wavelength of 550 nm. Note that E-PL-Ex spectra were measured as a function of excitation wavelength on monitoring the field-induced change in PL intensity at 550 nm, at which the first derivative of the PL spectra is negligible. The ratio between E-PL-Ex and PL-Ex gives the field-induced change of quantum yield of PL at each excitation wavelength. The ratio of these two spectra, given in Figure 4b , clearly indicates that, as the excitation wavelength increases from 300 nm, the field-induced PL quenching decreases monotonically. The quenching diminishes for excitation near 410 nm, and field-induced enhancement was observed at excitation wavelengths in the range of 410-500 nm. No change in PL intensity was observed at excitation wavelengths >500 nm, at which S3-PPV exhibits no absorption. The fieldinduced quenching for excitation at 300 and 388 nm and the field-induced enhancement for excitation at 471 nm shown in Figure 2 are consistent with the observed E-PL excitation spectra shown in Figure 4 .
Free charges can quench the photoluminescence of conjugated polymers. 21, 22 As in the present samples, an insulator film of PMMA much thicker than the sample polymer film was inserted between the electrodes; it is unlikely that the observed quenching is caused by charge injection from the electrodes. The magnitude of the field-induced change of PL intensity of S3-PPV is proportional to the square of the applied field strength, indicating Photoluminescence of π-Conjugated Polymer S3-PPV J. Phys. Chem. B, Vol. 114, No. 19, 2010 6261 that this field effect is independent of the injection efficiency of the hole or electron. As ITO and Al served as electrodes in the present experiments, this result indicates also that the observed PL quenching is unrelated to holes or electrons injected from the electrodes. 23 Two mechanisms are possible for the field-induced changes of PL intensity: (i) an altered rate of nonradiative decay of the emitting state of S3-PPV, and (ii) an altered initial population of the emitting state following photoexcitation. The former condition leads to a decreased or increased PL lifetime, whereas the latter produces an altered population yield of the emitting state. Direct measurements of the field-induced change in temporally resolved profiles of PL/ fluorescence decay of S3-PPV films provide information to distinguish these two mechanisms. If the initial population of the emitting state of the S3-PPV fluorescence was unaffected by the presence of an electric field, the ratio of I F (t)/I 0 (t) between decay profiles in the absence (I 0 (t)) and presence of the field (I F (t)) would be unity at t ) 0. Further, if the fluorescence lifetime was independent of the field, I F (t)/I 0 (t) would remain constant over the period.
Upon excitation at 300 nm, the decays of PL of S3-PPV were monitored at 550 nm in the absence and presence of F at 0.8 MV cm -1 ; the difference, ∆I F (t) ) I F (t) -I 0 (t), and the ratio, I F (t)/I 0 (t), between these two decay profiles I 0 (t) and I F (t) are shown in traces b and c of Figure 5 . The contribution of the Stark shift is excluded from the observed field-induced change of decay profile on monitoring the PL at 550 nm, as already described in the measurements of the E-PL-Ex spectra, as the Stark shift is given by the first derivative of the PL spectrum, which gives zero value at 550 nm. In Figure 5b , the difference between I F (t) and I 0 (t), that is, ∆I F (t), and the integral of ∆I F (t) over the observation period are both negative, indicating that field-induced quenching of fluorescence occurs upon excitation at 300 nm, in agreement with the observed steady-state E-PL spectrum. The ratio of I F (t)/I 0 (t) shown in Figure 5c is less than unity at t ) 0 following excitation at 300 nm, indicating that the population of the emitting state is decreased due to the presence of F. Similar plots obtained on monitoring emission at 600 nm with excitation of S3-PPV at 471 nm are shown in Figure 6 ; ∆I F (t) first becomes slightly negative but increases to become positive after 0.8 ns (Figure 6b ). The integrated value of ∆I F (t) is positive, indicating a field-induced enhancement of fluorescence upon excitation at 471 nm, consistent with the observed steady-state E-PL spectrum. The fact that the ratio of I F (t)/I 0 (t) shown in Figure 6c is roughly unity at t ) 0 implies that the initial population of the emitting state is nearly unaffected by F. At a later period, I F (t)/I 0 (t) increases with time, indicating an increase in fluorescence lifetime in the presence of F. A detailed analysis of the profiles of fluorescence decay thus provides information on the variation of population and lifetime of PL of S3-PPV upon excitation at various wavelengths in the presence of F.
The decay profiles of PL in Figures 5a and 6a were simulated assuming a biexponential decay, A 1 exp(-t/τ 1 ) + A 2 exp(-t/τ 2 ), in which τ 1 and τ 2 are the lifetimes and A 1 and A 2 are the pre- exponential factors. The results for the decays observed at zero field and at 0.8 MV cm -1 with excitation at 300 and 471 nm are shown in Table 2 . The fluorescence lifetimes observed with excitation at 300 nm (i.e., τ 1 ) 215 ( 15 ps and τ 2 ) 751 ( 40 ps) are similar to those reported for MEH-PPV at zero field (i.e., τ 1 ) 212 ps and τ 2 ) 763 ps).
11 On excitation at 300 nm, the pre-exponential factor A 1 of the rapid component decreases from 0.879 ( 0.002 to 0.870 ( 0.002, and the lifetime of the slowly decaying component increases slightly in the presence of F. In contrast, upon excitation at 471 nm, the pre-exponential factors are nearly unaffected, but the lifetime of the slower component τ 2 similarly increases slightly on application of F. These results are illustrated in the plots of I F (t)/I 0 (t) in Figures 5c and 6c. The dominant mode of electric field-assisted PL quenching in S3-PPV upon excitation at 300 nm is thus a decreased population, whereas the dominant mode of the fieldassisted PL enhancement upon excitation at 471 nm is an increased lifetime. It should be stressed that a slight increase of the slow fluorescence lifetime occurs by application of electric fields even with excitation at 300 nm (see Table 2 ). As shown in Figure 5 , however, the intensity enhancement induced by lifetime lengthening is drowned in the overall intensity decrease caused by the field-induced depopulation of the emitting state.
As described above, electric-field-induced enhancement or quenching of PL of S3-PPV has been observed, depending on the excitation wavelength. To the best of our knowledge, this is the first case of such a field-induced enhancement of PL reported for a π-conjugated polymer. As discussed above, the field-induced enhancement of PL observed on excitations at 471 nm results from the field-induced decrease of the nonradiative decay rate at the emitting state. At these excitation wavelengths, the relaxation from the photoexcited state to the emitting state is likely dominant. From the emitting state, a nonradiative process besides the fluorescence process may exist. As the nonradiative decay process from the emitting state, intersystem crossing to nearby triplet states can be considered. If the molecular polarizability as well as the dipole moment at the emitting state (singlet state) is very different from the ones of the triplet states, the energy separation between the emitting state and nearby triplet states is largely shifted by application of electric field. As a result, the intersystem crossing may be decelerated by the applied electric field, resulting in the increase of the fluorescence intensity. In contrast with the enhancement, electric-field-induced quenching of PL was reported in conjugated polymers, such as in poly(p-terphenylene vinylene), 24 MEH-PPV, 11 poly(p-phenylphenylenevinylene) blended with polycarbonate, [25] [26] [27] or poly(p-phenylenevinylene). 28 As the origin of the field-induced quenching of PL reported so far, an exciton model and a band model have been proposed. A breaking of excitons into electron-hole pairs in the presence of electric fields, which results in photocarrier generation in a secondary process, is suggested in the former model, whereas direct photogeneration of free charge carriers via an interband transition is considered in the latter model. In the present experiments, the magnitude of the field-induced quenching of PL, which might be correlated with photocarrier generation, shows no maximum near the absorption edge and increases monotonically with increasing excitation energy. The fieldinduced quenching of PL of S3-PPV seems hence to be interpretable in terms of an exciton model; a field-assisted generation of electron-hole pairs occurs from the exciton state (a nonrelaxed excited state) of S3-PPV, resulting in the quenching of PL. The field-induced dissociation of an exciton with a lifetime of ∼1 ps was directly observed for a blended system of poly(phenylphenylenevinylene) and polycarbonate with a field strength of ∼2 MV cm -1 .
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In the present measurements of time-resolved emission, only the decrease of the pre-exponential factor, that is, the fieldinduced decrease of the population of the emitting state, was detected in connection with field-induced quenching, probably because the present time resolution (∼20 ps) was inadequate to detect the change in rise, from which the dissociation rate can be estimated. With increasing excitation energy, the magnitude of quenching of PL increases, indicating that both the rate and the efficiency of the field-assisted dissociation into electron-hole pairs from excitons increases with increasing excitation energy. With increasing excitation energy, electronhole pairs can acquire larger excess energy, resulting in a large distance between electron and hole in thermal equilibrium. 29 Field-assisted dissociation becomes increasingly efficient with increasing excitation energy, in agreement with the present experiments. A similar dependence on excitation energy, that is, an efficient field-induced quenching PL on excitation into states at higher energies, was observed in polyfluorene films. 7 For MEH-PPV, application of an electric field decreases the fluorescence lifetime, indicating that the dominant mode of fluorescence quenching is lifetime quenching. 11 In contrast, the electric field effect on the lifetime of PL of S3-PPV is very small, but the quenching of PL occurs with excitation into higher excited states, suggesting that only the nonradiative process at the photoexcited state that competes with relaxation to the emitting state is well affected by electric fields. The nonradiative process of S3-PPV under consideration is assigned to a fieldassisted generation of electron-hole pairs, as described above. On the basis of the dependences on concentration and chain length, the field-induced quenching of emission intensity occurred also as a result of the field-induced change in intrachain dynamics; an energy shift of the relaxed excited state caused by the electric field results in an enhanced nonradiative relaxation such as internal conversion, leading to the fieldinduced quenching of fluorescence, 13 which differs markedly from the present field effects on the dynamics of the emitting state.
C. Photoirradiation Effect on PL of an S3-PPV Film in Ambient Air. Figure 7a shows PL spectra of an S3-PPV film recorded continuously under photoexcitation at 350 nm (4 mW cm -2 ) under ambient air; the direction of the scanning is increasing wavelength. By photoirradiation, the intensity of the PL spectra rapidly decreased, and the wavelength of the maximal intensity, which was initially 551 nm, shifted toward a shorter wavelength. Figure 7b shows PL excitation spectra of an S3-PPV film under ambient air that were recorded continuously by monitoring the emission at 550 nm; the direction of the scanning is increasing wavelength. Throughout the photoirradiation, the discrete features of the excitation spectra remained unchanged except for a rapidly decreased intensity, whereas the broad continuum showed a rapid decrease in intensity and its maximum shifted toward a shorter wavelength. Plots of the PL intensity of the S3-PPV film at 550 nm were obtained as a function of duration of photoirradiation with excitation at 350 nm. The results are shown in Figure 7c . The photoirradiation effect on PL spectra comprises three stages. In the first stage (i.e., A-B in Figure 7c ), the PL intensity greatly decreases, perhaps because of a creation of defects in the main chain by atmospheric oxygen. In the second stage (i.e., B-C in Figure 7c ), the PL intensity remains constant, but the maximum intensity of the fluorescence spectrum shifts to a shorter wavelength. A decrease of the conjugation length due to scission of the main chain upon photo-oxidation and the exciton confinement might explain the observed behavior. In the third stage (i.e., C-D in Figure 7c ), the PL intensity further decreases, which may be ascribed to the chemical defects created in the remaining chain of the S3-PPV polymer. Under ambient air, oxygen may damage the main chain through chemical reactions of S3-PPV in the excited state and decrease the chain length.
IV. Summary
The effects of external electric field and irradiation on absorption and photoluminescence spectra of S3-PPV films were investigated. Both E-A and E-PL spectra show quadratic Stark shifts, which demonstrate a large difference in molecular polarizability between the emitting and ground states. The E-PL response of S3-PPV under vacuum depends on the excitation wavelength. At 300 nm, the PL of S3-PPV is quenched in the presence of F through a diminished population of the emitting states, perhaps because of enhanced dissociation before nonradiative relaxation to the emitting states. Application of the electric field dissociates excitons into electron-hole pairs that become charge carriers. 11 The field-induced quenching of PL increases with increasing wavenumber of excitation light, indicating that the efficiency of the field-assisted dissociation increases with increasing excitation energy. These results clearly show that the field-induced generation of electron-hole pairs through excitons of the conjugated polymer occurs from nonrelaxed higher vibrational levels of the excited state in competition with relaxation to the emitting state. With increasingly excess vibrational energy, the efficiency of generation of field-induced electron-hole pairs increases. On excitation at 471 nm, at which the PL intensity was enhanced with electric fields, the lifetime of PL increased on application of electric fields. These results show that the nonradiative decay rate at the emitting state of PL is diminished by an electric field, which results in an increased lifetime and enhanced PL quantum yield (intensity) induced by the field. Irradiation of S3-PPV under ambient air caused a rapid degradation of the polymer film that shows much weaker emission with a maximum shifted toward shorter wavelength. 
